Abstract The genomic sequences of 15 horse major histocompatibility complex (MHC) class I genes and a collection of MHC class I homozygous horses of five different haplotypes were used to investigate the genomic structure and polymorphism of the equine MHC. A combination of conserved and locus-specific primers was used to amplify horse MHC class I genes with classical and nonclassical characteristics. Multiple clones from each haplotype identified three to five classical sequences per homozygous animal and two to three nonclassical sequences. Phylogenetic analysis was applied to these sequences, and groups were identified which appear to be allelic series, but some sequences were left ungrouped. Sequences determined from MHC class I heterozygous horses and previously described MHC class I sequences were then added, representing a total of ten horse MHC haplotypes. These results were consistent with those obtained from the MHC homozygous horses alone, and 30 classical sequences were assigned to four previously confirmed loci and three new provisional loci. The nonclassical genes had few alleles and the classical genes had higher levels of allelic polymorphism. Alleles for two classical loci with the expected pattern of polymorphism were found in the majority of haplotypes tested, but alleles at two other commonly detected loci had more variation outside of the hypervariable region than within. Our data indicate that the equine major histocompatibility complex is characterized by variation in the complement of class I genes expressed in different haplotypes in addition to the expected allelic polymorphism within loci.
Introduction
Major histocompatibility complex (MHC) class I molecules are membrane-bound glycoproteins that complex with small peptides and β-2-microglobulin. Classical MHC class I molecules provide immune surveillance against intracellular pathogens by presenting foreign peptides derived from intracellular protein degradation. Recognition of foreign peptides by the T cell receptor on CD8 + T lymphocytes can initiate a specific immune response (Germain and Margulies 1993) . MHC class I molecules can also inhibit natural killer (NK)-mediated cytolytic activity by interacting with receptors on NK cells, thereby playing a regulatory role in innate immunity (Lanier et al. 1997) .
MHC class I genes encode a family of related molecules that consist of eight exons spanning approximately 4,000 bases, and this gene structure is conserved (CONS) in the horse (Carpenter et al. 2001; Moore et al. 1982; Steinmetz et al. 1981) . Human classical MHC class I genes have many alleles, ranging from 463 to 1,249, whereas the nonclassical genes have many fewer alleles, ranging from nine to 44 (as of August 2009, http://www.ebi.ac.uk/imgt/hla/intro.html). This is an extraordinary level of diversity, and consequently, HLA-B is the most polymorphic gene in the human genome (Mungall et al. 2003) . The polymorphic nucleotides are often nonsynonymous substitutions and are clustered into two main areas which comprise the peptidebinding groove (Bjorkman and Parham 1990) . In addition to limited polymorphism, nonclassical loci in humans can be further distinguished from classical loci by shorter transmembrane/cytoplasmic domains, lower surface expression, and limited tissue distribution (reviewed in Le Bouteiller 1994; Stroynowski 1990) .
Analysis of human MHC class I gene sequences revealed that allelic variation is composed of point mutations and shared sequence motifs that arose from gene conversion events both within and between MHC class I loci during evolution (Lawlor et al. 1990; Parham et al. 1988 ). This mosaic of sequence motifs complicates the task of defining the origin of a given allele. However, analysis of human MHC class I alleles has uncovered locus-specific motifs, in the 5′ upstream/promoter region (Cereb and Yang 1994) , exons 1 through 8 (Parham et al. 1989) , introns 1, 3, and 4 (Cereb et al. 1995; Swelsen et al. 2003) , and the 3′ untranslated region (UTR; Koller et al. 1984) .
The number of expressed MHC class I loci has been shown to vary within a species, although thorough studies have not been undertaken in many species. Examples include (1) humans, who express three classical loci, HLA-A, HLA-B, and HLA-C, and two, HLA-E and HLA-F, or three with HLA-G, nonclassical loci (Ober et al. 1998) ; (2) pigs, which express up to three classical loci, SLA-1, SLA-2, and SLA-3, and three nonclassical loci, SLA-6, SLA-7, and SLA-8 ; (3) chickens, which express two classical loci, B-F major and minor, and one nonclassical locus, Y-F (Kaufman et al. 1999) ; and (4) rats, which express one to three classical loci, RT1-A1, RT1-A2, and RT1-A3 (Joly et al. 1996) , and various combinations of nonclassical loci, RT1-C, RT1-E, RT-BM1, and RT1-N1 (Kirisits et al. 1992; Lau et al. 2000) . A pattern of variable numbers of expressed class I genes among MHC haplotypes has also been described for the rhesus macaque, pig, cow, and sheep (Babiuk et al. 2007; Birch et al. 2008; Ellis et al. 1999; Miltiadou et al. 2005; Otting et al. 2005; Tanaka-Matsuda et al. 2009 ).
Approximately 15 distinct horse MHC class I haplotypes can be discerned by serological assays (lymphocyte microcytotoxicity assays), designated equine leukocyte antigen (ELA)-A1, ELA-A2, ELA-A3,…, ELA-A19, but few advances have been made in antibody based detections methods in recent years (Lazary et al. 1988 ). Molecular studies of horse MHC class I sequences have been performed by cDNA library screening and reverse transcriptase polymerase chain reaction (RT-PCR) experiments (Barbis et al. 1994; Chung et al. 2003; Ellis et al. 1995; Holmes and Ellis 1999; McGuire et al. 2003) . In these studies, at least two and up to five classical MHC class I sequences were detected in each horse. While these studies provided a large number of coding sequences from different horses, the number of classical MHC class I loci expressed from each ELA haplotype was not defined but could range from one to five. The major hindrance to developing molecular typing methods is the inability to identify alleles of shared loci across haplotypes. Thus, MHC class I typing in horses remains dependent upon serological methods, despite the availability of nearly 60 horse MHC class I sequences.
An investigation of the evolutionary history of equine MHC class I genes identified five sequence groups, A to E . Group B sequences had high levels of polymorphism in the peptide binding region, and several of these gene products are recognized by alloreactive T cells, consistent with classical loci . With the sequences and genomic resources available to them, Holmes and Ellis (1999) were unable to assign group B sequences (putative classical MHC class I genes) to individual loci. Groups C, D, and E had acquired little allelic variation since the divergence of Equidae and Rhinocerotidae, and therefore, the authors suggested that these may be nonclassical loci. Although group A sequences exhibit the hallmarks of nonclassical genes (nonpolymorphic, truncated at the 3′ end), their status was considered ambiguous .
Recently, we used resources of the Horse Genome Project to characterize 15 MHC class I loci from a bacterial artificial chromosome (BAC) contig of the ELA-A3 haplotype (Gustafson et al. 2003 , Tallmadge et al. 2005 . This haplotype was also carried by the DNA donor horse for the equine genome sequence (Wade et al. 2009 ). Seven of these loci are expressed in lymphocytes (locus 3.1 to 3.7; Tallmadge et al. 2005 ). Four of the expressed genes of the ELA-A3 haplotype were identified in the study by Holmes and Ellis (1999) : locus 3.1 encodes ECMHCB2 (3.1 indicates the haplotype (3 for ELA-A3) and locus (ELA locus 1)), 3.5 encodes ECMHCA1, 3.6 encodes ECMHCC1, and 3.7 encodes ECMHCE1 (Supplementary Table 1) .
In this paper, we use the MHC class I gene framework that we developed (Tallmadge et al. 2005 ) and RT-PCR cloning to determine the pattern of polymorphism of horse MHC class I sequences and to identify alleles of shared loci from ten different serologically defined ELA haplotypes.
Materials and methods
Animals: blood samples, cDNA, and genomic DNA preparation
The horses sampled for this study were from either the Equine Genetics Center herd at Cornell University, from local farms in the Ithaca, NY area, or from Dr. Robert Mealey's research herd at Washington State University. Peripheral blood lymphocytes were isolated from heparinized samples of venous jugular blood using methods described previously (Antczak et al. 1982 PCR products of MHC class I genes were cloned before sequencing. QIAquick kits (Qiagen Inc., Valencia, CA, USA) were used for PCR product purification. The pCR®4Blunt-TOPO vector was used for cloning Pfu DNA polymerase products, as described in the Zero Blunt® TOPO® PCR Cloning Kit cloning kit (Invitrogen, Carlsbad, CA, USA).
Sequencing was performed by the Biotechnology Resource Center at Cornell University, Ithaca, NY, USA with an ABI 3700 automated sequencer (Perkin Elmer, Foster City, CA, USA). Templates were sequenced at least once in each direction. All sequences generated for this work have been submitted to GenBank.
Sequence analysis
Sequencing electropherograms were viewed with EditView 1.0.1 software from Applied Biosystems (Foster City, CA, USA). Sequences were analyzed with VectorNTI (Invitrogen, Carlsbad, CA, USA). Alignments and sequence identity tables were generated by MegAlign from the LaserGene package (DNASTAR, Inc., Madison, WI, USA). Primer f Genbank accession number of sequences identical to alleles identified in this study sequences were removed prior to analysis. Most sequences were identified in four or more clones (Table 1) . When discrepancies occurred, a second RT-PCR and cloning step was performed, and the sequences of these clones were used to resolve the discrepancies. Some sequences were confirmed by matching sequences from genomic subclones or sequences in the GenBank database. Other sequences were confirmed with sequences obtained from unrelated animals of the same ELA haplotype, as determined by serology. Phylogenetic trees were constructed using the neighborjoining method (Saitou and Nei 1987) , as performed with human, mouse, and pig MHC sequences (Ando et al. 2003; Gu and Nei 1999) . Sequences were analyzed on the basis of Tamura-Nei distances (Tamura and Nei 1993) using the MEGA version 3.1 program (Kumar et al. 2004) . To determine the level of support for each node, bootstrap resampling was performed with 1,000 replications. HLA-A2*0101 sequence (HSA278305) was included in each analysis as an outgroup to root the phylogenetic tree.
The level of amino acid polymorphism at equine MHC class I loci was calculated from the variability index described by Wu and Kabat (1970) and plotted against the amino acid position of the mature protein. The variability is determined by the number of different amino acids at a given residue divided by the frequency of the most common amino acid at that residue. The complete cDNA sequence was not available for all alleles, and no value was plotted for missing residues.
The mean number of synonymous (d S ) and nonsynonymous (d N ) nucleotide substitutions per site was determined for the antigen recognition site (ARS) and CONS regions among alleles of equine MHC class I loci using the SNAP program available at www.hiv.lanl.gov (Korber 2000) . The significance of the difference between these rates was determined with a t test; the p values reflect the probability of rejecting the null hypothesis that d S = d N , * indicates p< 0.05, and ** indicates p<0.001.
Nomenclature
Horses homozygous for five distinct ELA haplotypes commonly found in Thoroughbreds and Standardbreds were used in this study, denoted as ELA-A2, ELA-A3, ELA-A5, ELA-A9, and ELA-A10 (Antczak et al. 1986 ). To extend our findings, sequences from horses with additional MHC class I haplotypes and sequences available in GenBank were analyzed with the initial data set. Serological (ELA) types of horses were determined using clustered panels of alloantisera verified in international workshops (Lazary et al. 1988 ) combined in some cases with breeding history and results of mixed lymphocyte cultures.
Equine MHC class I sequences were initially given local names and then renamed to reflect allelic series identified by phylogenetic analysis. Even though the sequences are not full length, they were named to conform to MHC allele naming conventions specified by Ellis et al. (2006) . Allele names are based on the amino acid sequence and have five digits: Digits 1 to 3 designate the allele group and digits 4 to 5 signify coding changes. Allele groups contain a maximum of four amino acid changes within the alpha 1 and alpha 2 domains plus up to four changes in the remaining coding sequence. Locus numbers prefix allele names when possible; otherwise, allele names are prefixed with "N" for not assigned. Within the N series, classical alleles start at N*00101 and nonclassical alleles start at N*50001 (Supplementary Table 3 ).
Results
Sequences of MHC class I genes were determined from horses of known ELA haplotypes determined by serological testing to characterize the genomic structure of horse MHC haplotypes and the polymorphism of horse MHC class I genes. Initially, samples of cDNA from five MHC homozygous horses were used (ELA-A2, ELA-A3, ELA-A5, ELA-A9, ELA-A10; Table 1 ). The sequences were analyzed in the context of seven expressed MHC class I genes previously identified in the ELA-A3 haplotype (Supplementary Table 1 ; Tallmadge et al. 2005) . A combination of conserved and locus-specific primers was used for amplification (Supplementary Table 2 ), as described below.
Prevalence and polymorphism of horse nonclassical MHC class I loci Partial coding sequence (more than 700 bases) was obtained for each of the three nonclassical loci and compared to the previously published sequences (Supplementary Table 1) . ELA locus 5 sequences were detected in four of the five haplotypes assessed, and all haplotypes expressed ELA locus 6 and 7 products. High-quality sequences were obtained from three or four ELA haplotypes for each locus, and nucleotide identity values were 100% for ELA locus 5, 97.7-100% for ELA locus 6, and 96.8-99% for ELA locus 7 (Table 1) . From this limited set of sequences and the previously identified ECMHCA1 (locus 5), ECMHCC1 (locus 6), and ECMHCE1 (locus 7) genes, locus 5 appears to be monomorphic (sequence Eqca-5*00101) whereas locus 6 and 7 appear bi-allelic (sequences Eqca-6*00101, Eqca-6*00201, Eqca-7*00101, and Eqca-7*00201). Phylogenetic analysis of these sequences, edited to exclude the ARS residues, revealed clear clustering of allelic sequences by locus (Supplementary Figure 1) .
MHC class I sequences from five ELA haplotypes
The remaining sequences were obtained with either ELA locus 2 specific primers or conserved primers (Supplementary Table 2 ) that amplify horse MHC class I genes other than the nonclassical ELA loci 5, 6, and 7. Phylogenetic analysis was performed with the newly obtained sequences and Perissodactyla sequences from Holmes and Ellis (1999) , including horse, Przewalski's horse, donkey, onager, and Grevy's zebra sequences. Three functional classical MHC class I genes were included in group B by ECMHCB2) . Trees were constructed from an alignment of all sequences from exons 4 to 8, encoding the alpha 3, transmembrane, and cytoplasmic domains. All newly obtained sequences were placed within group B and similarly encoded a transmembrane domain of 35 amino acids in length (data not shown). The remainder of this paper describes our efforts to assign group B sequences to distinct loci.
ELA locus 2 sequences
In a previous study, the MHC class I gene 3.2 (or ELA locus 2) was sequenced from a genomic subclone from the ELA-A3 MHC haplotype (DQ083408) and was found to have over 97% nucleotide identity to the cDNA sequence of the 8-5 gene (AY225157; Tallmadge et al. 2005) . The identity between two random horse MHC class I sequences is usually below 92%. The 8-5 cDNA sequence was obtained from a horse of the ELA-A1/ELA-A4 haplotype, and protein expression of this gene was confirmed by transfection studies . Because putative alleles of this class I gene were found in two different ELA haplotypes, we surveyed the ELA-A2, ELA-A5, ELA-A9, and ELA-A10 haplotypes for mRNA expression of this gene. Locus-specific primers were designed in the hypervariable region and 3′UTR of the gene and used in RT-PCR experiments (Supplementary Table 2 ). A product was detected and sequenced from all four haplotypes. Direct sequencing of the amplicon revealed the presence of only one product per horse, and each had from 95.4% to 99.6% nucleotide identity to the 3.2 gene sequence. The pattern of polymorphism of this locus was atypical because more nucleotide variation was found outside of the hypervariable region (4.1%) than within (1.7%). These sequences were named Eqca-2*00101 to Eqca-2*00303, based on identity to the previously characterized ELA locus 2 (Table 1) . Phylogenetic analysis of the conserved coding region (excluding the 57 amino acid positions predicted to comprise the ARS) clustered all six locus 2 sequences together with high bootstrapping values ( Supplementary  Figure 2a) , and similar results were obtained with analysis of the 3′UTR sequence (Supplementary Figure 2b) .
Remaining MHC class I group B classical sequences For MHC class I group B sequences other than those encoded by locus 2 (above), we were unable to design locus-specific RT-PCR primers that would work across haplotypes. Thus, for the remaining MHC class I sequences, conserved primers that span ∼80% of the horse MHC class I transcript, extending from the alpha 1 domain to the 3′UTR, were used in RT-PCR (Supplementary Table 2 Fig. 1 Phylogenetic tree of horse MHC class I sequences from ten equine MHC haplotypes. The tree was constructed based on the coding sequence of horse MHC class I genes excluding residues of the antigen recognition site (Tables 1; Supplementary Table 1 ). All of these sequences clustered with group B sequences defined by Holmes and Ellis (1999) . Allele names are followed by associated serological ELA haplotype and exclude the prefix "Eqca". Putative locus assignments shown on the right; provisional locus assignments are given in italics and followed by an asterisk. Sequences were analyzed using the neighbor-joining method (Saitou and Nei 1987) on the basis of Tamura-Nei distances (Tamura and Nei 1993) using the MEGA 3.1 program. Percent of supporting bootstrap replications (n=1,000) are shown next to the branches. HLA-A*0101 sequence included as an outgroup to root the phylogenetic tree ELA-A3, ELA-A5, ELA-A9, and ELA-A10) were surveyed, and two to four sequences were identified per homozygote (Table 1) . A phylogenetic tree was constructed based on the nucleotide alignment of the conserved regions of the MHC class I gene (Supplementary Figure 2a) . Although clear locus clustering did not occur for all sequences, provisional locus assignments could be made. In addition to locus 2 described above, three groups were highly supported by the bootstrap values: [1] sequences Eqca-16*00101, Eqca-16*00201, and Eqca-16*00301, [2] sequences Eqca-1*00101, Eqca-1*00201, and Eqca-1*00301, and [3] sequences Eqca-N*00201, Eqca-N*00301, and Eqca-N*00401. Sequences Eqca-N*00501 and Eqca-N*00701 were paired but had low bootstrap support. The Eqca-N*00101 sequence was placed in the tree but not tightly within a clade, also at low bootstrap values. Last, sequences Eqca-3*00101 and Eqca-4*00101 did not cluster with any other sequences. Although the Eqca-3*00101 and Eqca-4*00101 cDNA sequences were not found in the clones sequenced, it is known that they represent distinct loci and are expressed in the ELA-A3 haplotype (Tallmadge et al. 2005) and were included in all analyses.
We designate the cluster containing Eqca-1*00101, Eqca-1*00201, and Eqca-1*00301 as ELA locus 1, the cluster containing sequences Eqca-16*00101, Eqca-16*00201, and Eqca-16*00301 as ELA locus 16*; and the cluster containing sequences Eqca-N*00201, Eqca-N*00301, and Eqca-N*00401 as ELA locus 17*. The first cluster is named locus 1 because the 3.1 gene (Eqca-1*00101 allele, identical to ECMHCB2) has been physically mapped and fully sequenced. We chose locus designations 16 and 17 because a previous publication identified 15 horse MHC class I genes and pseudogenes from the ELA-A3 haplotype, which were named 3.1 through 3.15 (Tallmadge et al. 2005) . The new designations are provisional because they lack confirmation at the genomic level and are not yet mapped. To reflect this provisional status, the locus numbers are given in italics and followed by an asterisk. Sequences Eqca-N*00501 and Eqca-N*00701 are not considered to be alleles Fig. 2 Predicted amino acid alignment of 50 horse MHC class I sequences. Classical loci are listed in numerical order; nonclassical loci are grouped below. Allele names are followed by associated serological ELA haplotype and exclude the prefix "Eqca". The consensus sequence is shown at the top, dots represent identities, dashes represent gaps inserted to optimize the alignment, and asterisks indicate stop codon. Exon boundaries are indicated by vertical bars, and horizontal gray bars separate loci, listed on the right. Sequences are from Tables 1 and Supplementary Table 1 ; not all sequences are the same length of a shared locus, and like the other single sequences (Eqca-N*00101, Eqca-3*00101, Eqca-4*00101), they most likely represent additional loci.
Next, the 3′UTR sequences were analyzed for the classical MHC class I cDNA sequences. High overall nucleotide identity was evident, with the exception of single nucleotide polymorphisms distributed throughout the region. These polymorphisms were often shared between allelic sequences and portray locus-specific trends. The four groups identified in Supplementary Figure 2A are conserved in the phylogenetic tree generated from the 3′UTR sequence alignment (Supplementary Figure 2B) , supporting the allelic assignments made above. As in Supplementary  Figure 2A , the Eqca-N*00101 sequence was placed in the tree, but not tightly within a cluster, and sequences Eqca-3*00101 and Eqca-4*00101 consistently did not cluster with any other sequences.
MHC class I sequences from five additional ELA haplotypes
To extend these findings to additional ELA haplotypes (ELA-A1, ELA-A4, ELA-A6, ELA-A7, and ELA-W11), MHC class I sequences were obtained from six horses of various breeds that were either homozygous or heterozygous for the various ELA haplotypes (Table 1) . Other published horse MHC class I sequences linked to specific ELA haplotypes were also included (Supplementary Table 1) . We did not test these horses for products of the nonclassical loci 5, 6, and 7. As for the ELA homozygous horses, locus 2 was tested separately, and conserved primers were used for other group B sequences.
ELA locus 2 sequences
Locus 2 specific primers successfully amplified sequences from these additional horses, adding three new sequences and assigning gene 8-5 to haplotype ELA-A4 (allele Eqca-2*00301; Fig. 1; Supplementary Figure 3) . Two alleles of locus 2 were not always obtained from MHC heterozygous horses, most likely due to unequal amplification rather than absence of the second allele. Locus 2 amplification was not carried out on horses 0197 or 3832.
Remaining MHC class I group B sequences
Additional sequences were obtained from MHC heterozygous horses in this study with the conserved MHC class I Fig. 2 (continued) primer set. These were added to previously published fulllength or near full-length sequences in GenBank (Supplementary Table 1 ). After removal of the antigen recognition site, these sequences were analyzed together with the previous data set. The 3′UTR sequences determined in this study were also analyzed, but 3′UTR sequence was not available from alleles reported by Ellis et al. (1995) . The phylogenetic tree of the coding sequences is shown in Fig. 1 , and the tree of the 3′UTR sequences is shown in Supplementary Figure 3 . As above, the results from the coding sequence are consistent with those of the 3′UTR. The four locus groupings described above remained intact (loci 1, 2, 16*, 17*). Four sequences were added to locus 1: Eqca-1*00401, Eqca-1*00501, Eqca-1*00601, and Eqca-1*00701. Sequence Eqca-1*00401 was obtained from an ELA-A1/ELA-A4 horse and was previously associated with the ELA-A4 haplotype by Chung et al. (2003) . Sequence Eqca-1*00501 was obtained from two heterozygous horses, both carrying the ELA-A6 haplotype, confirming the previously identified association (Chung et al. 2003) . Sequence Eqca-1*00601 was found in a homozygous ELA-A7 pony in this study. The identical sequence was previously described by Ellis et al. (1995) as ECMHCB1, from an ELA-A3/ELA-A7 MHC heterozygous pony. The ECMHCB1 assignment is of special interest because it was identified at the same time as the Eqca-1*00101 cDNA sequence (MHC class I gene 3.1, identical to ECMHCB2), but the allelic relationship was not recognized at that time. Eqca-1*00701 matches the 104 sequence detected in ELA-W11 heterozygous horses by Chung et al. (2003) .
Three sequences were added to locus 16*: Eqca-16*00401, Eqca-16*00501, and Eqca-16*00601. Both Eqca-16*00401 and Eqca-16*00501 were identified from the ELA-A6/ELA-A7 pony. These alleles are evidently expressed from the same locus, one from the ELA-A6 haplotype and the other from the ELA-A7 haplotype. Sequence Eqca-16*00501 was also identified in an ELA-A7/ELA-A19 horse, confirming its presence in the ELA-A7 haplotype.
Only one sequence was added to locus 17*, Eqca-N*00302, which was found in two heterozygous horses that share the ELA-A1 haplotype. Another provisional locus, 18*, was identified from alleles Eqca-N*00501 and Eqca-N*00601 from ELA-A10 and ELA-A1 haplotypes, respectively. These alleles cluster with very high bootstrap support in both the conserved coding sequence and 3′UTR sequence.
Sequences Eqca-3*00101, Eqca-4*00101, Eqca-N*00101, Eqca-N*00701, Eqca-N*00801, Eqca-N*00901, Eqca-N*01001, and Eqca-N*50001 remain ungrouped despite the additional data, but allelic sequences are likely to be identified when more sequences from other haplotypes are identified. The Eqca-N*01001 and Eqca-N*50001 alleles were originally identified as ECMHCB4 and ECMHCB3 by Ellis et al. (1995) .
The amino acid alignment of all sequences used in these analyses is shown in Fig. 2 . In addition to variation in the alpha 1 and alpha 2 domains, differences were found throughout the alpha 3, transmembrane, and cytoplasmic regions even between alleles. This has contributed to the difficulty of defining horse MHC class I allelic series to date. Notably, the cytoplasmic region of sequences Eqca-3*00101, Eqca-4*00101, and Eqca-N*50001 were very divergent compared to the other equine class I sequences. The low polymorphism and 3′ end sequence differences that distinguish the nonclassical loci are apparent for loci 5, 6, and 7. Putative locus-specific residues can be discerned. The nucleotide alignment of the 3′UTR sequences indicates that locus-specific residues may be present in this region also (Supplementary Figure 4) .
Further support of our locus assignments were obtained from a limited study of intronic sequences. Intron 2 sequences were amplified with primers in the alpha 1 and alpha 2 coding regions and sequenced. Intron 2 sequences Amino acid position Variability B. Non-classical loci (Groups A, C, E) Fig. 3 Variability plots of horse MHC class I sequences. Variability plots of A) classical (group B) and B) nonclassical (groups A, C, E) MHC class I amino acid sequences. Groups defined by Holmes and Ellis (1999) . Only mature amino acid sequence was included, and the variability index was determined as described by Wu and Kabat (1970) (approximately 240 bases) from the nonclassical loci 5, 6, and 7 were compared between the ELA-A2 haplotype (GenBank DQ145590-2) and the ELA-A3 haplotype (Tallmadge et al. 2005) . Within each locus, the intronic sequence identities were 96.3% to 100%, and the phylogenetic trees gave the same locus groupings as the coding sequence (Supplementary Figure 5) . Intron 2 sequences from locus 2 also clearly clustered together. For the classical loci, all seven intron sequences were obtained from the 1-29 (Eqca-16*00101) gene (DQ145583-9) and were compared to the previously published intron sequences of the 8-9 (Eqca-N*00101) gene (AF207854; Carpenter et al. 2001 ) and 3.1 through 3.4 (DQ083407-10). These classical MHC class I sequences are not allelic, and no phylogenetic clustering was detected (data not shown). The pattern of amino acid sequence polymorphism of the designated loci is displayed by variability plots (Fig. 3) , determined using the formula published by Wu and Kabat (1970) . The plots of loci 1 and 16* are typical of classical, polymorphic class I loci, such as HLA-A and HLA-B (Fig. 3A) . The plots of loci 2 and 17* are atypical for classical loci because there is little variation in the antigen recognition sites of alpha 1 and alpha 2 domains and more variability in the conserved regions, especially the transmembrane domain. Further, the polymorphism found at each site is limited: Often there are only two differences at a given polymorphic residue (each allele has one or the other) rather than many differences at a particular site. However, these limited differences do not create a bi-allelic locus because each allele is different, in contrast to the bi-allelic polymorphism detected in nonclassical loci 6 and 7 (Fig. 2) .
The patterns of polymorphism differ between the nonclassical loci; the variable positions of locus 6 are spread across the MHC class I molecule whereas the variation of locus 7 is concentrated in the alpha 1 and alpha 2 domains (Fig. 3B) .
Although the variability plots reflect nonsynonymous nucleotide substitutions, they are not informative for synonymous substitutions. The mean number of synonymous (d S ) and nonsynonymous (d N ) nucleotide substitutions per site was determined for loci 1, 2, 16*, 17*, 5, 6, and 7. Comparisons were made between the ARS and the remainder of the coding sequence (Fig. 4) . For loci 1 and 16*, d N was significantly higher than d S in the ARS, and the converse was found in the remainder of the molecule. This pattern of nucleotide substitution is consistent with that of the classical HLA loci (Hughes and Nei 1988) , and it implies that the ARS is under positive selection for amino acid variation. In contrast, very few nonsynonymous substitutions were identified in the ARS of loci 2 and 17*, and no synonymous changes were found. In the conserved region of loci 2 and 17*, the d N was similar to the conserved region of loci 1 and 16*, and d S was decreased. This pattern is atypical of classical loci and is more similar to nonclassical MHC class I loci. The profile of nonclassical locus 6 was very similar to locus 2, although locus 6 had many more substitutions in the conserved coding sequence. Locus 7 had more substitutions in the ARS than locus 6 and many fewer in the conserved region. Unlike the classical loci, d S exceeded d N in the ARS of locus 7, suggesting that the nonsynonymous sites are under purifying selection at this locus. This is likely due to functional constraints of this molecule.
Collectively, we identified five allelic series comprised of 28 sequences obtained from ten ELA haplotypes (Fig. 5) . This number excludes the nonclassical loci 5, 6, and 7 and putative nonclassical sequence ECMHCB3 (N*50001). Seven sequences from this study remain ungrouped at this time; allelic series may be identified in the future or they might be unique to a particular haplotype. A model summarizing the genomic structure of these ten ELA haplotypes is presented in Fig. 5 , but the gene order is known only for the ELA-A3 haplotype (Tallmadge et al. 2005) . This model does not imply gene location for the provisional loci, and these assignments need to be confirmed with further studies on genomic DNA from multiple ELA haplotypes. Finally, further support for our allelic assignments comes from our observation that no horses tested carried more than two alleles assigned to any locus.
Discussion
Horse MHC class I gene sequences were obtained from ten MHC haplotypes to investigate the genomic structure and .05, **p<0.001. Groups A, B, C, and E were defined by Holmes and Ellis (1999) polymorphism of the equine MHC. Comparisons of MHC class I coding and 3′ untranslated region sequences from five homozygous ELA haplotypes and five additional ELA haplotypes were performed, and provisional locus assignments were made. The horse MHC class I genes did not cluster into a small number of discrete loci: Five allelic groups were created, accounting for 28 of the 35 alleles identified. Two of the remaining seven sequences represent known loci, and the other five may be individual representatives of additional loci. Together, the data suggest that at least seven expressed MHC class I loci are present among horses of these ten ELA haplotypes and that the total number of expressed MHC class I loci varies among ELA haplotypes. Additionally, the nonclassical loci 5, 6, and 7 are found in nearly all haplotypes. On a per haplotype basis, including the individual sequences found, each haplotype in this study expresses at least three MHC class I loci in addition to the nonclassical loci 5, 6, and 7. This is consistent with the range of classical loci (between one and five) predicted by previous cDNA studies ( Barbis et al. 1994; Chung et al. 2003; Ellis et al. 1995; McGuire et al. 2003) . Comparatively, this varied complement of expressed classical loci is consistent with the MHC haplotype organization described in the cow, sheep, and rhesus macaque and unlike that of the human MHC in which a few MHC class I classical loci are common to all haplotypes Miltiadou et al. 2005; Otting et al. 2005) . Interestingly, this proposed structure appears similar to the human natural killer receptor gene cluster (Trowsdale et al. 2001) .
This study identified 50 horse MHC class I sequences, of these 15 sequences represent nonclassical loci and the remaining 35 sequences represent classical loci. Eighty percent (28 out of 35) of the classical sequences were assigned to allelic series. Phylogenetic analysis of 35 classical sequences analyzed here and those identified by Holmes and Ellis (1999) placed them in group B, and all sequences in this group have the common trait of a 35-amino acid residue transmembrane domain. The sequences identified here tend to be polyallelic; however, the level of polymorphism within loci varies. Some loci are similar to HLA-A and HLA-B loci (1, 16*), and some have more variation outside the ARS (2, 17*). For the nonclassical genes (ELA locus 5 (ECMHCA1), ELA locus 6 (ECMHCC1), and ELA locus 7 (ECMHCE1)), most Fig. 5 Model of the genomic structure of equine MHC class I loci across ELA haplotypes. Schematic representation of the gene content of equine MHC class I loci in ten serologically defined ELA haplotypes. Boxes contain sequences obtained from individual horses and sequence names exclude the prefix "Eqca" (Table 1) . Columns represent class I loci identified from genomic clones and provisional loci (asterisk) identified by phylogenetic clustering. Rows represent ELA haplotypes, sequences from ELA-A2, ELA-A3, ELA-A5, ELA-A9, and ELA-A10 haplotypes were determined from MHC homozygous horses (upper half of figure) ; remaining sequences were determined from MHC heterozygous horses (lower half of figure) .
Only alleles sequenced in this study are included. Actual location and order of loci is not known for haplotypes other than ELA-A3. Loci 1 and 16* and 2 and 17* are placed together because they contain the largest numbers of alleles of any of the horse MHC class I loci. Loci 1 and 16* are typical polymorphic classical loci, while 2 and 17* have atypical patterns of polymorphism. Amplification of locus 5, 6, and 7 was not performed for ELA haplotypes A1, A4, A6, A7, and W11 individuals carry only a single allele. A second allele has been identified for loci 6 and 7, but the frequency of the second allele is unknown. Between alleles, there are a small number of differences that usually occur outside the ARS. Two loci blurred the traditional classical and nonclassical paradigm established in other species. Loci 2 and 17* have a 35-amino acid transmembrane region and 3′ end characteristic of group B sequences, which includes several functional classical class I genes . These loci are polymorphic; many minor variants are apparent in the variability plots. However, the variability is not clustered in the ARS as is typical of classical loci. The alternative pattern of polymorphism may indicate that the antigenic repertoire presented by these molecules is limited in comparison with other classical loci, but functional studies have not been performed. These genes may be similar in nature to HLA-C, which exhibits much less polymorphism than HLA-A or HLA-B and is expressed at lower mRNA levels (Johnson 2000) . ELA locus 2 was the only class I gene detected in all horses tested.
Sequencing of MHC class I genes in several species has identified a greater level of allelic diversity and complexity than determined by serological characterization of haplotypes (Chardon et al. 1999; Ellis 2004; Otting et al. 2005; Parham et al. 1995) . We found evidence for extensive differences in haplotype structure within a single horse breed. In fact, horses appear to have more haplotype diversity than humans or mice, perhaps reflecting differences in evolutionary history or a more rapid rate of MHC class I gene duplication between horses and other species. Further studies of isolated breeds, such as Icelandic or Przewalski horses, may provide insight to causal evolutionary pressures.
Functional characterization has been performed for two of the sequences described here. Eqca-1*00101 of locus 1 can present EHV-1 epitopes to cytotoxic T lymphocytes (CTLs) and elicit target cell lysis (Kydd et al. 2006) , and Eqca-N*00601 in locus 18* can present equine infectious anemia virus (EIAV) epitopes to CTL effectors (Mealey et al. 2006) . Mealey et al. (2006) also demonstrated that an allele of Eqca-N*00601, named 7-6, differed by only one amino acid. The 7-6 allele also presented EIAV epitopes to CTL, but epitope recognition differed from that presented by Eqca-N*00601. The functional analyses listed above confirm that these loci encode classical MHC class I molecules. No alleles of locus 1 or 16*, which encode highly polymorphic classical loci, were identified in the ELA-A1 haplotype. We hypothesize that in lieu of locus 1 or 16*, locus 18* encodes functional and polymorphic classical alleles in the ELA-A1 haplotype. Functional analysis of additional class I genes will be informative, especially those alleles of locus 2 and 17* that differ from the classical/nonclassical definition.
In conclusion, our analysis suggests that ELA MHC class I haplotypes exhibit both polymorphism at shared loci and variation in the number of expressed MHC class I genes per haplotype. Further investigation of genomic DNA will be required to confirm whether the provisional assignments of alleles to distinct loci presented in this study are correct and whether the absence of allelic mRNA expression equates with absence of the locus in genomic DNA. Recently, the horse genome sequence was determined from an individual closely related to the BAC library donor, and these horses share the ELA-A3 haplotype (Wade et al. 2009 ). Analysis of the horse genome sequence confirmed the gene order of the expressed ELA-A3 MHC class I sequences along the chromosome (http://genome.ucsc.edu/ cgi-bin/hgGateway).
